Abstract Approximately 60% of VACTERL
Introduction
The VATER association refers to a group of congenital malformations that includes vertebral defects, anal atresia, cardiac defects, tracheoesophageal fistula with atresia, renal defects, and radial upper limb dysplasia. The association was first described by Quan and Smith [1] , and since then the description has been extended to include cardiac (C) and limb defects (L), with the resulting acronym of VACTERL [2, 3] . Temtamy et al. suggested that the V in VATER could also include vascular defects, such as ventricular septal defect (VSD) and single umbilical artery (SUA) [4] .
Although some cases of VACTERL association have been found to be related to chromosomal trisomy and deletion defects [5] , the VACTERL association is generally not related to a chromosomal abnormality. The anomalies appear to arise from developmental abnormalities of the mesoderm of the involved organs during early embryogenesis (<35 days), when the origins of the lumbosacral spine, genitourinary tract, and hindgut are located closely together [6] . There have been increasing reports of VACTERL association in infants of mothers with diabetes mellitus [7, 8] . The malformations in the offspring of diabetic mothers occur before the seventh gestational week, similar to the period when the developmental abnormalities responsible for VACTERL association arise, suggesting a possible causal relationship [9] .
Renal anomalies are found in approximately 60-90% of VACTERL patients. Uehling et al. reported genitourinary involvement in 21 of 23 children with VATER association, including renal agenesis (seven cases), severe reflux (nine cases), crossed fused ectopia (five cases), and ureteropelvic junction obstruction (five cases) [10] . Thirteen patients in their study required more than one surgical urologic intervention. Three patients were on hemodialysis (HD) for renal failure, and one patient had a renal transplantation. Weber et al. reported renal malformations in 20 of 30 patients (67%) with VATER association, with the most common anomalies being renal agenesis (nine cases), unilateral hypoplasia and contralateral uretero-pelvic obstruction (four cases), crossed renal ectopia (three cases), and horseshoe kidney (two cases) [11] .
Although renal anomalies occur at a high frequency in VACTERL association and the management of these problems is a clinical challenge, especially in the setting of multiple other medical issues, there are almost no published reports on the clinical course of kidney disease in VACTERL association.
Materials and methods
The records of VACTERL patients with chronic kidney disease (CKD) stage 2-5 and age-matched controls with similar urologic anomalies and CKD but no VACTERL association seen at the University of California San Diego Medical Center and Rady Children's Hospital, San Diego from January 1980 to December 2005 were retrospectively reviewed. The study was approved by the Institutional Review Board at the University of California San Diego and Rady Children's Hospital, San Diego.
The diagnosis of VACTERL association was made when more than three major organ systems were involved. Exclusion criteria in this study included patients with other known disorders. All the patients underwent extensive evaluations, including ultrasounds, echocardiograms, voiding cystourethrograms, and cystoscopy.
Creatinine clearance (CrCl, in ml/min per 1.73 m 2 ) was estimated using the Schwartz formula [12] . The CKD staging was performed according to Kidney Disease Outcomes Quality Initiative (K/DOQI) guidelines [13] . Height standard deviation scores (SDS) were calculated by appropriate gender-or age-specific mean and standard deviation for the U.S. population using the National Health and Nutrition Examination Survey (NHANES) data of the National Center for Health Statistics and Centers for Disease Control and Prevention [14] . Since the third percentile for age and gender corresponds to a height SDS of −1.88, the patients were categorized by height SDS < −1.88 and >−1.88.
Statistical analyses were performed using SPSS for Windows ver. 12.0 (SPSS, Chicago, IL). Comparison of patient characteristics between VACTERL association patients and control patients was done by the chi-square Fisher test and Student's t test. A p value <0.05 was considered to be statistically significant.
Results
Twelve VACTERL patients with CKD stage 2-5 were identified. The mean follow-up period was 15.0±1.4 (SE) years (range 3.2-21 years), and all patients were diagnosed at birth. Six patients (50%) were delivered prematurely. Five (42%) were diagnosed prenatally with urological abnormalities. Among these patients, two were diagnosed with oligohydramnios, while one patient was diagnosed with polyhydramnios.
Extrarenal anomalies in VACTERL patients
Extrarenal anomalies observed in the VACTERL patients are shown in Table 1 . The most common anomaly was imperforate anus, which occurred at an incidence of 92%, followed by cardiac anomalies (67%). The incidence of vertebral and limb anomalies was 50 and 25%, respectively. Limb anomalies included polydactyly, syndactyly, and reduction deficiency. Eleven patients had surgery on more than two organ systems, including abdominal surgery for imperforate anus. Renal and other urologic anomalies and intervention Structural bladder anomalies were observed in 75% of the VACTERL patients (Table 2 ). These anomalies included duplicated, enlarged, dysplastic bladders and bladders with diverticula. Five patients had neurogenic bladders and six patients had cloacas. Most of the patients (92%) required vesicostomies or intermittent catheterizations. Nine patients underwent vesicostomies and five had subsequent takedown with conversion to clean intermittent catheterization (CIC). Four patients had bladder augmentation and performed CIC. Eleven patients had two or more urologic surgeries. Other renal or urologic anomalies included dysplasia and reflux (five patients, 42%) and dysplasia, reflux and obstruction (three patients, 25%). Urethral abnormalities were also present, including stenotic urethra (two patients), urethrocutaneous fistula and chordee (one patient), and duplicated urethra (one patient). (Table 3) . Two patients had graft failure.
Growth in VACTERL patients
Eight (67%) VACTERL patients had a height SDS < −1.88. For all of these patients (male:female,1:7), growth hormone (GH) achieved a significant improvement in height SDS: from −3.4±0.4 to −2.6±0.5 within 2 years (p<0.05). The mean age of the VACTERL patients at initiation of the GH treatment was 11.3±0.9 years. One patient was at CKD stage 4, six patients at stage 3, and one patient at stage 2 at the initiation of GH treatment.
Comparison between VACTERL and control patients VACTERL patients and age-matched controls with similar urologic anomalies but no VACTERL association were compared ( Table 4 ). The mean follow-up period was similar between the two groups (15.0±1.4 vs. 11.9±2.1 years, p=0.23). Nine control patients had bladder involvement and four had neurogenic bladder, similar to the VACTERL patients. More patients in the VACTERL group than in the control group reached ESRD during the study period, but this difference was not statistically significant. Five of six VACTERL patients were ultimately placed on HD, while only one of the three CKD control patients was treated with HD. VACTERL patients experienced several complications during PD, including diaphragmatic leak and severe abdominal adhesions that required them to switch to HD; in comparison, none of the control patients experienced complications that required them to switch dialysis modalities. Seven VACTERL patients versus four controls were transplanted, and the mean CrCl 2 years post-transplant was 65.8±6.3 vs. 87.8±7.1 ml/min per 1.73 m 2 (p=0.03), respectively. VACTERL patients were significantly shorter than control patients, with the height SDS for all VACTERL patients and control patients being −2.34 ± 0.41 vs. 
Discussion
Renal anomalies are found at a high frequency in VACTERL association; there are, however, very few reports on the renal course in this subset of the population and especially in pediatric patients. We followed our subjects over an extended period of time (15.0±1.4 years) and have described their renal/urologic anomalies, various aspects of their CKD, dialysis modality, and renal transplant course. Twelve patients developed CKD stage 2-5 during the study period. Interestingly, we noted that although in VACTERL association there is a similar ratio of males to females (52 vs. 48%) [15] , the patients who had CKD in our study were predominantly female (75%).
Multi-organ involvement in VACTERL patients greatly complicates medical care. Weber et al. studied 30 infants with VATER association and reported that 21 of the patients (70%) required major surgeries on two organ systems, while one patient required major surgeries on three organ systems [11] . Our patients also had multiple congenital anomalies, and 11 underwent surgery on more than two organ systems. These extra-renal anomalies can complicate the renal course in VACTERL patients. For example, due to intraabdominal adhesions from previous surgeries, most of the VACTERL patients in our study were on HD rather than PD.
Most VACTERL patients (92%) in our study had bladder involvement that required urologic interventions, such as vesicostomies, intermittent catheterizations, bladder augmentation or urinary diversion. The bladder anomalies were also accompanied by other complex urological abnormalities (Table 2 ), similar to those reported in other studies [10, 11] . These included urethral abnormalities, such as stenotic urethra, urethrocutaneous fistula, and chordee, and duplicated urethra. Fernbach [16] reported that eight of 20 VATER patients in their study had urethral anomalies, which included megalourethra, urethral duplication, anterior urethral valve, hypospadias, and congenital stricture. Due to the high incidence of urethral anomalies, the author recommended doing a voiding cystourethrogram on all males with VATER association even when clinical symptoms are not present. Since 75% of the VACTERL patients with CKD in our study were female and most had significant bladder anomalies, a complete urologic evaluation should be considered for all VACTERL patients with CKD.
Eight VACTERL patients progressed to ESRD at a mean age of 8.5±2.5 years. Six patients were started on dialysis. Peritoneal dialysis was initially chosen as the dialysis modality for most of the VACTERL patients due to the many advantages it has for pediatric patients, including greater freedom to ambulate and less interruption of daily activities. Two patients were treated with HD only due to multiple abdominal surgeries; three PD patients were switched to HD due to complications, such as intraabdominal adhesions and diaphragmatic leak. It appears that HD is the preferred modality for VACTERL patients due to the high incidence of intra-abdominal surgeries and the potential for adhesions preventing successful PD. In accordance with our study, Uehling et al. also reported that the ESRD patients in their study also all underwent HD, although no mention is made on whether these patients required HD due to complications that prevented them from undergoing PD [10] .
Seven VACTERL patients in our study were transplanted. Patients who have congenital urologic anomalies have been shown to be at increased risk for urinary tract infection, surgical complications, graft dysfunction, and graft loss [17] [18] [19] . There are conflicting reports on the management of the lower urinary tract before and after transplantation. Alfrey et al. reported that bladder augmentation before transplant caused increasing hydronephrosis and infection and sug- Values are given as mean ± standard error unless indicated otherwise gested takedown of bladder augmentation before transplant [20] . Other studies, however, have shown that urinary tract reconstruction before transplantation is safe [21] [22] [23] . Koo et al. studied 18 patients with severe dysfunctional lower urinary tract anomalies that included posterior urethral valves, urogenital sinus anomalies, prune-belly syndrome, complete bladder duplication, and ureterocele [22] . Eleven patients underwent bladder augmentation or continent urinary diversion, while two had an intestinal conduit and five had a transplant into the native bladder. These researchers reported a patient survival of 100% and an allograft survival of 81% during a 4.4-year follow-up period, which were similar to the values of all the children who underwent renal transplantation in their center. They therefore concluded that renal transplantation in patients with lower urinary tract dysfunction was successful and that bladder reconstruction could be safely performed before and after transplant. In our study, all seven patients who underwent renal transplant had severe lower urinary tract anomalies, and six patients underwent urinary reconstruction prior to transplant. Among the five patients with CrCl < 70 ml/min per 1.73 m 2 at 2 years post-transplant (Table 3) VACTERL patients have been noted to have growth deficiency. In a study of 31 VATER patients, 45% of the patients showed postnatal growth deficiency of at least −2 SDS for the first 3 years of life or beyond [24] . Severe cardiac defect was correlated to the growth deficiency in nine patients, but no cause for the growth deficiency in the other patients was noted. Khadilkar et al. found that VATER patients did not demonstrate GH deficiency and did not appear to have pituitary dysfunction [25] . Only one of their VATER patients had vertebral anomalies, and so this would not have explained the short stature. Unlike the VACTERL patients in our study, however, patients in the study by Khadilkar et al. did not have CKD.
In our study, eight (67%) VACTERL patients had a height SDS <−1.88. This was a significantly higher percentage compared to the North American Pediatric Renal Trials and Collaborative Studies (NAPRTCS) database, where CKD patients with a height SDS ≤−1.88 comprised 36.9% of the patient cohort [26] . Late treatment with GH may have been a factor in the short stature of the VACTERL patients since they were treated with GH late in childhood (mean age at GH initiation 11.3±0.9 years). Since 9/12 patients had CKD stage > 2 when less than 4 years old (Table 2) , earlier treatment with GH may have resulted in an improved height SDS. Faster progression of CKD and late treatment with GH could be the reason for the poorer growth in VACTERL patients compared to that in the control patients prior to GH use.
Other factors that could have contributed to the short stature in VACTERL patients include feeding difficulties, especially for patients with T-E fistula, multiple surgeries, CKD stage, and cardiovascular anomalies. However, we could not find a significant correlation between these factors and short stature for our patients. One limitation of our study is the small number of patients. With a larger study number, a more apparent cause may be uncovered.
In order to observe the effect that the VACTERL association had on the course of renal disease, we identified age-matched controls with similar urologic anomalies to the VACTERL patients but without VACTERL association. There was no significant difference in the number of patients with bladder anomalies between the control and VACTERL patients, and the bladder anomalies were similar in nature. Therefore, bladder anomalies did not appear to be responsible for the higher frequency of ESRD and poor outcome after renal transplantation in VACTERL patients. Furthermore, Khositseth et al. reported no difference in graft function between kidney transplant recipients with obstructive and reflux uropathy and the controls over a 10-year period [27] . This may indicate that factors other than urologic anomalies may influence graft function in VACTERL patients, especially since these patients had multiple other medical issues.
The small number of subjects limited our ability to determine the prognostic factors for short stature and development of graft dysfunction. More data would be required to obtain statistically significant conclusions.
With improving medical care, more VACTERL patients are surviving into adulthood. There are, however, very few reports on the renal course and complications of VAC-TERL association patients. This population has an array of complex anomalies that make treating CKD difficult. Describing the clinical course, treatment, and outcome of kidney disease in VACTERL association patients may help clinicians treat this population. Further study of the various complications that can arise during treatment of VACTERL patients, the modes of intervention that may be required, and the timing of these interventions may lead to improved treatment and outcomes.
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